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SUMMARY
 
This final report on "Investigation of Optical Memory Techniques",
 
NASA Contract Number NAS 12-2194, covers research progress made during the
 
one-year contract period from July 1, 1969 through June 30, 1970. 
This
 
contract work was originally performed for NASA Electronics Research Center
 
under the monitoring of Mr. N. Patt before June 1970i 
 It was then transferred
I 
to 	NASA Marshall Space Center and monitored by!Mr. G. A. Bailey. Significant
 
research results obtained during this period of study are summarized in the
 
following:
 
A. 	Materials and Physics of MnBi Films
 
1. 	Physical properties of both the normal low-temperature phase
 
and the quenched high-temperature phase MnBi films relavent to
 
the optical memory applications and filn improvement study were
 
obtained. This includes the temperature dependence of magne­
tization, resistivity and Hall effect, the wavelength dependence
 
of the magneto-optic Faraday effect andabsorption.
 
2. 	Metallurgical structure of Mn, BiI Mn+Bi and annealed MnBi were 
examined under electronmicroscope. Detailed features relating 
to grain size, shape and compound formation were obtained. 
3. 	The crystallographic transformation from the quenched high­
temperature phase to normal low-temperature phase was identified
 
to be of the nucleation and growth type. Two techniques were
 
advanced to evaluate the activation energy associated with
 
this transformation. The activation energy was found to be
 
approximately 1.0 eV.
 
4. Experimental study for stabilizing the quenched high-temperature
 
c ta 
phase MnBi films was performed using doping or alloying techniques.
 
Doping by NAu from atomic size consideration and by Te or Ge
 
from enhancing the covalent bonding was found to have no effect
 
On
 
-to 	the quenched phase lifetime. Howeve , doping with Mn or Ni
 
to enhance the metallic bonding was fou I to have a profound
 
effect-in improving the quenched film activation energy and
 
lifetime.
 
5. 	Uniform MnBi films of 6" diameter were prepared.
 
B. 	Optical Memory Experiments:
 
1. 	Laser writing, erasing and read-out characteristics of both the
 
quenched and the normal MnBi film!were obtained.
 
2. 	A differential balanced read-out detection technique was 
developed which provides the signal-to-noise ratio of greater 
than 20 at 1 MHz bandwidth. 
3. 	An improved memory exerciser has been completed to accommodate
 
fast exercising 6" diameter films. Experimental result on film
 
uniformity was obtained using this apparatus.
 
4. 	Repeated cycling of write-read-erase-read of film over 106
 
cycles was performed and no deterioration in read-out signal
 
was detected throughout this experiment.
 
5.A Erasure magnetic field requirement was measured for both 
quenched and normal films.
 
tc Asvt
 6. 	An experiment4i stmdy-ef the Curie-point writing mechanism
 
using one laser beam for writing and another fdr reading has
 
been performed. The dynamic real-time study of spots on MnBi 
afterf'laser heat pulse indicates a slow recovery of the
 
magnetization with a time constant approaching 10 lsec.

I
 
7. 	MnBi memory characteristics were found to suffer no adverse
 
effect under various abnormal environmental conditions
 
including radiation.
 
C. 	Systems Study
 
1. 	An analytical study of the choice of detector under various
 
operating conditions to the read-out signal-to-noise ratio
 
has been completed.
 
2. 	An analysis of the effect of misregistratfion to the read-out
 
signal has been performed.
 
3. 	A comparison of various approaches to a 109-10t bit optical
 
memory using MnBi has been undertaken. For a near future 
application, a rotating disc bit-to-bit approach was considered 
to be most promising. 
4. Initial design and calculation including details of required
 
components of a 109bit prototype MnBi optical memory was
 
completed. This system was considered feasible requiring
 
no breakthroughs but only engineering % :velopment efforts.
 
5. Experimental investigation of-Amagnetic ologramsusing Curie 
point writing technique on MnBi has.bee,. performed and 
,hologramsresulting from two beam! interferene'obtained. 
I. Introduction
 
The objective of this contract research 1isto investigate the feasi­
bility of utilizing thin films of MnBi for spaceborne optical mass memory
 
applications. 
 There are three major areas of study performed during this
 
one-year research effort. 
The MnBi materials research has been concerned
 
with acquiring the basic materials properties relevant to the optical memory
 
applications and the improvement of the material. 
The 6ptical memory experi­
mental-part of this investigation serves as a bridge between the materials 
research and the systems research. This effort was mainly concerned with the
 
memory characteristics of MnBi-in regard to the write, read and erase
 
operations. The systems study defines ala-Ic bit optical memory system using MnBi
 
and evaluates the feasibility of such a system based on the results obtained
 
in the MnBi materials and optical memory experimental research.
 
Section II of this report discusses the results on the MnBi materials
 
research. 
In Section III, the results of the optical memory experiments
 
are present. 
The system study is presented in Section IV. 
A brief conclusion
 
of this research effort is given in-Section V. Appendix A and B summarize
 
the publications and new technology respectively.
 
II. MnBi Materials Research
 
The objectives of this part of the contract research on optical memory
 
techniques are to investigate materials capable of being repetitively
 
written, erased and non-destructively read by optical means for a spaceborne
 
1010-1012bit memory and to determine the banc requirements on Mn)3i as 
it
 
relates to the proposed optical memory system, with emphasis on the material
 
parameters most affecting the storage or retention of data.
 
Progress made and results obtained on the materials investigation of
 
MnBi film during the one-year investigation towards this objective are
 
reported in this section.
 
A. Physical Properties of MnBi Films
 
The goals for investigation of the physical properties are:
 
(1) To obtain the physical properties directly related to the optical memory
 
applications for detailed evaluation of the suitability of the storage medium;
 
(2) To provide necessary material parameters as functions of operating
 
wavelength, temperature and other variables for systems trade-off study and
 
(3) To obtain basic understanding of the physics of the material to guide the
 
material improvement effort in achieving a mor 
suitable storage medium for
 
the intended spaceborne optical memory application.
 
MnBihas 'two crystallographic phases. 
 Both the normal low temperature
 
phase and the quenched high temperature phase are found to be useful for our
 
intended application. Therefore, physical properties were obtained for both
 
phases.
 
1. -Magnetic Properties
 
0.) Magnetization: The temperature dependence of the magnetization 
provides not only the knowledge of the required condition for Curie point 
writing, but also. the basic knowledge of ferromagnetism in the medium. The 
saturation magnetization was measured from 30°K to 680°K. The measurement 
L)

technique is discussed in the third quarterly report. The results are shown
 
in Fig. II-i. There are four main conclusions that we may draw from these
 
results:
 
(1) The Curie temperature of the normal low temperature phase (l.t.p.)
 
and quenched high temperature phase (h.t.p.) are 3600C and 1800C respectively.
 
0.
 
(2) The transition near Curie temperature is(gradual rather than 
ON.k abrupt changeg -41 
(3) The magnetization forboth phaseSare about equal at 0°K, and
 
1 
corresponds to approximately 41BPer Mn ion in the lattice site.
 
j ) Magnetic Hysteresis: The magnetic coercive force H and
 
saturation magnetic field H characterizes the magnetic hysteresis of the MnBi
 
S
 
film. In the optical memory experiment, an erasure magnetic field must be
 
applied in coincidence with the laser beam heating to above the Curie tempera­
ture to effect an erasure. The unh&ated region sho, I not be affected by the
 
applied field. It is therefore necessary to require a coercive force higher
 
than the erasure field. In MnBi the erasure field is about 500 Oe from
 
demagnetization field calculation as well as from the experimental result.
 
(This will be discussed in Section III). Typical magnetic hysteresis curves
 
of thp l.t.p. and h.t.p. MnBi films are shown in Fig. (11-2). The magnetic
 
easy direction in both cases remains perpendicular to the film plane, an
 
ideal orientation for optical memory applications.
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FigurefI-2. 	 Magnetic hysteresis as measured by Faraday rotation p.
 
for a typical MnBi film: (a),before quenching, and (b) 

after quenching 
­
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2. 	Optical Properties
 
The optical absorption and magneto-optic Faraday effect were
 
measured over the visible wavelength region, for both the normal l.t.p.
 
and quenched h.t.p. MnBi films. 
 The optical absorption is characterized
 
by the absorption coefficient a cm 
 as defined by the Beer-Lambert Law.
 
The specific Faraday rotation F was measured at magnetic saturation and
 
is given in degrees per cm. The useful figure of merit 2F/ is then given
 
in degrees. These are plotted in Fig. (IIr-3). It is seen that the Figure
 
of Merit for normal films is about a factor of two larger than the quenched
 
film at 63282 HeNe wavelength. Tke PJrce of ,t r F cL- 4. .4-c v 
3. 	The electric conductivity and Hall effect:
 
The knowledge of the electronic transport mechanism in MnBi is
 
not complete at present. However from the temperature dependence of the
 
resistivity and Hall effects some quantitative understanding can be obtained.
 
These results are useful in providing the needed information to guide our
 
study of the 'phasetransitions in MnBi.
 
a) Resistivity: 
The temperature dependence of the resistivity was measured on 
an MnBi film sample before and after quenching. Typical resistivity results 
Mi~shown in Fig. (11-4).41) The sample was initVally prepared in its quenched
 
phase. 
Upon heating to beyond 2500C the result is essentially the same as
 
that for a normal phase. Transformation from the quenched phase to normal
 
phase takes place gradually in the temperature: regio between 120'-220', as
 
can be seen from the figure. Some of the interesting features of this result
 
are: 
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(A) 1 esistivity increases linearly with temperature for both the
 
h.t.p. and l.t.p. below their respective transition temperatures, a character­
istic of metallic resistivity. 
The slopes of the resistivity vs temperature
 
curves are approximately the same for both cases.
 
(4b) An increase in resistivity accompanies the phase transition from
 
l.t.p. to h.t.p. by about a factor of two at room temperature. Tr;s ctM oQcCcou 
(:0 " The resistivity of the h'.t.p. before tra sforming back to the l.t.p. 
around 300°C is approximately constant with temperature, a possible semi-

-
conducting behavior. i 4 
These results suggest that the interstitial Mn atoms play an important
 
role in the resistivity of the MnBi film in the phase transition. 
We will 
discuss further on this in a later subsections. 
&) Hall effect 
The Hall effect of both the l.t.p. and qu&nched h.t.p. samples of 
MnBi have been measured. The Hall resistivity is given by pH = R0H + R1M
 
where R and R 
are the ordinary and extraordinary Hall coefficients and
 
H and M are the applied field and magnetization respectively. 
At room
 
temperature the measured value of R 
and R are 0.3 cm /coul and 0.7 x 10 ­1 0 
cm3/coul respectively. This R - 3
value gives rise to a hole 'density of 1022cm

0 
similar to the reported value obtained in MnSb and MnAs. ( S ) 
 The temperature

-I 
dependence of R 
is shown in Fig. 11-5. 
 Because of the extremely low values
1I
 
of R, its temperature dependence cannot be accurately obtained without
 
extensive refinement in the measurement technique. 
.
 
The significant result can be summarized follows:as 
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The 	positive value of Hall resistivity indicates that conduction
 
is by positive holes. 	 I
 
I. 	 I
 
R1 increases with temperature. However, Rl/P is nearly a constant
 
as predicted by Karpls and Luttinger's theory.
(7)
 
The hole density corresponds to appoximately one carrier per unit
 
cell .of MnBi.
 
B. 	Metallurgical Studies of MnBi Films
 
The basic materials study is an essential part of this contract research.
 
The goals of this study are:
 
.(l) To obtain the metallurgical structure of MnBi films in order to
 
,provide information for improved understanding of the physical
 
properties of the compound.
 
(2) To investigate the process of the compound formation during the
 
heat treatment. The results so obtained is essential in guiding
 
the future material improvement study
 
(3) To obtain the basic mechanism of the lhase transformation between
 
the high temperature phase and low temperature phase, and to
 
suggest methods for stabilizing the desired phase based on the
 
results of this study.
 
We have performed experimental investigation toward these goals during
 
the one-year reseArch effort. Import progress has been made in this time
 
period. 
However; not all the results are considered conclusive at the
 
present time. Since this part of the study is directly related to the
 
future material improvement effort, it should be continued in the future.
 
t. Structural Study of MnBi Films 
a) Experimental Procedures fIe fa.. 
A detailed strt e observation was made on MnBi films using high resolution' 
Aelectron microscopyteehique_. We have developed a special technique to­
produce MnBi film specimens which are transparent to electron beams enabling.
 
us to examine their structure by transmission electron microscopy. 
This
 
-technique involves the omission of the over coating Sib layer and the addition
 
of 
 'carbon under coating on the substrateibefore the evaporation of Mn and
 
Bi components. 
 The use of the carbon intermediate'layer facilitates the
 
stripping of unSupported MnBi films for observation using an e.ectron beam
 
perating at 100 ly. 
To .assure that the introduction,of carbon does not
 
rtsrfc"the p-r 
 of MnBi, we have prepared films onAsubstrate
 
which was partially covered withAamorphousicarbon layer. The MnBi films
 
thus prepared iiere examined under polarized light using the Faraday effect.
 
We found ti4at the magnetic domains to be continuous and homogeneous crossing
 
from the region with underlying carbon film to the uncoated region. 
Based
 
on this observation, we believe that the structure of the MnBi film specimens
 
is not affected by the carbon undercoating! 
We have used the same technique 
to prepare samples of Mn films on glass for structure observation with good 
results. " 
The MnBi/carbon/glass samples were used extensively for structuri &bser­
e- n of normal phase MnBi. To obtain MnBi films with mixed quenched and
 
normal phases, asiAgle crystal NeCl substrate was used. Specimens after
 
quenching can be stripped without a great deal of difficulty. The MnBi/
 
carbon/glass samples are not suitable for this purpose because of/pxidation
 
of-4arbon during the heat treatment to achieve the quenched phase. 
Selected
 
area electron diffraction patterns were taken on regions under investigation.
 
Information can thus be obtained on the identification and crystalographic
 
orientation of the phases present. 
The use of electron diffraction spots

in conjunction with dark field imaging was especially useful in identifying
 
specific phases. 
In this imaging technique a diffracted beam was selected 
for imaging instead of the direct beam. Ordinarily, this can be effected by 
tilting the electron gun slightly to avoid deformed image. The RCA instrument 
used in our experiments does not have this capability. Dark field imaging
 
was effected by using a selector diaphram, as shown in Fig. -6 In dark field)
 
the contrast producing beam is known unambig ously. 
 This provides positive
 
identification of the phases. 
On the otherhand, in bright field imaging
 
where several beams may contribute, positive identification would be more
 
difficult.
 
IS S 
(a) (b) 
h) Experimental Results 
MnBi films were prepared by annealing layers of Mn and Bi films to effec 
a solid state reaction. Structure of the resultant MnBi film can be pro­
foundly influenced by the structural and crystallographic orientation of 
the original Mn and Bi films. It is therefore necessary to examine films of 
Mn, Bi, t and unannealed Mn±Bi in addition to annealed MnBi thin films. 
Fig. depicts Mn film deposited on a carbon substrate. The average grain 
diameter is found to be 260A. For bismuth deposited on glass under similar 
conditions as used for Mn deposition, the .rae grain size was found to be 
0apprpximately 1300A I as shown .L n Fig.Z. After vapor deposition z before 
V MnBi film onilglass substrate 4rashown in Fig. K* Here the Large Bi grains 
overshadow the nearly amorphous Mn film. Electron diffraction of this film
 
showed no evidence of any MnBi at this stage.
 
-The as-anfiealed MnBi film is shown ii Fig. 
 This should be compared
 
with Fig.-V which depicts a replica on etched MnBi film prepared under
 
identical conditions. GrainSare more~apparent in Fig.t4 This is due to
 
the fact that the etchant used selectively attacks the MnBi grain boundaries.
 
0 0Grain size .ranges from below 1000A to 3000A. This is evident also in Fig. Kr-to. 
Fig. Y shows a typical electron diffraction pattern for this MnBi film. From 
this, it is observed that whil6 the film is primarily MnBi, the presence of 
both manganese and bismuth are still evident. The extensive Moire pattern
 
in Fig. X is noteworthy. This indicates either a small difference in crystal­
lographic plane spacing or a difference in orientation between layers. Due
 
to the similarity of crystal structure between bismuth (rhombohedral, which
 
can be considered hexagonal) and MnBi (nickel arsenide type, also hexagonal)
 
the Moire pattern could be due to the epitaxy of these crystals on glass. 
On'the other hand, slight misorientation ir MnBi crystals over one another 
could also produce this type of Moire pattern. 
Quenching MnBi films deposited on single crystal NaCl substrate6 
resulted in mixed quenched and normal MnBi phases. Fig. p depicts a specimen 
thus obtained. In general, a characteristic boundry well defined on one side
 
A
and diffused on the other side is noticed. Since this boundary is not found
 
in normal MnBi phase specimens, we believe it separates the quenched from the
 
normal phase MnBi. Due to the small difference in crystal structure between
 
these two phases, it is not possible at present to itivel distinguish
 
between the two.phases using electron diffrctiona4t
 
Laser damage in MnBi films was studied by purposely heating a 1 to 2g
 
diameter spot of MnBi to above its decomposition temperature with a focused
 
x -Ilaser beam. Fig. 9 displays an array of foar of these spots at 18,150X. 
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For a close examination in the vicinity of a damaged spot, dark field imaging
 
is especially useful. In Fig. 11-15, a high magnification bright field image
 
picture was taken in an area of interest. At this magnification, the outline
Uwe An'
offamaged spot is barely recognizable. lectron diffraction pattern was
 
then taken in this region, Fig. 11-16. 
 Here the most intense 6-fold diffrac­
tion spots are due to manganese crystallographic planes with an interplanes
I 0.e.spacing of 2.09X (these are the planes in a-Mn producingstrongest diffraction
 
intensity), five of these spots were marked on the pattern as 1, 2, 3, 6 and 7
 
6*

and examined individually tiv dark field imaging. A typical dark field image 
is shown in Fig. 11-17 with areas responsible for diffraction spot "2"appear­
ing bright. Close comparison between Figs. 11-15 and 11-17 reveals elemental
 
manganese scattered along the rim of the damaged spot,, probably resulting
 
from MnBi decomposition.
 
2. Formation of and Transformation in MnBi Films
 
MnBi films were prepared with a compound formation anneal at elevated
 
temperature. 
The process of compound formation is an important subject of
 
study since the material improvement hinges on a clear understanding of
 
this process. 
High resolution optical metallography teehsqas was used in 
this study utilizing the magneto-optic effect in the medium. 
The existence of two crystallographic phases in MnBi, both appearing 
above &e room temperature, makes it necessary for us to study the nature of 4he 
phase transition. In the Curie point writing experiment, we have found that
 
using a 
normal MuBi film, bits repeatedly written will transform intoAquenched
 
high temperature phase. 
This is due to the rapid cooling following the
 
termination of the laser writing pulse. 
On the other hand, films prepared
 
in the quenched high temperature phase will transform back toAnormal phase
 
through a process believed to be nucleation and growth. We will now discuss
 
the compound formation and the phase transformation in more detail.
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4) Experimental Procedures 
Optical metallography using polarized light in conjunction with cinema­
tography were used to study the formation of MpBi and the low temperature 
phase (1. t. p.) to high temperature phase (.t.p.) transformation in MnBi 
flat films. The films under investigation were heated from behind the sub­
strate, thus leaving a clear optical path for obseiving the film surface with 
reflected light.A Magneto optic Kerr effect was utilized in both instances 
to observe the resultnkmagnetic domains. 
'o Due to the preferred orientation in MnBi films, the normally weak X-ray 
diffractions from the basal planes exhibit very high intensity.. This property 
can be utilized for investigating the phase transformation in MnBi films
 
quantitatively: This is based on the fact that the total integrated intensity
 
of a given diffraction line is linearly proportional to the amount of the
 
particular phase present. This diffraction line must be produced solely
 
by the particular phase being investigated.
 
When MnBi is quenched from above 360°C, ihe retained high-temperature
I­
phase changes its lattice parameters with a 3% decrease in c 
and 1.5%
 
(0
1
increase in ao. 0) Due to the highly textured nature of vapor deposited,,

010
 
MnBi films, the basal planes of the MnBi are within 5 
of the'film plane.
 
The angular positions of the intense basal plane reflections can thus be
 
used to identify the quenched high temperature and the annealed low tempera­
ture phases. Based on CuKa radiation, a 3% decrease of c6 .causes a shift
 
of 0.425 
in the Bragg angle 6 for the basal plane reflections. When a
 
diffractometer is used, this corresponds to a 2e shift of 0.850. 
One can
 
therefore readily identify the mixed quenched and annealed phases inA
 
partially transformed MnBi films.
 
A special furnace which fits into a diffractometer specimen holder was
 
constructed to maintain the MnBi film specime 
at pre-determined temperatures
 
while the basal plane diffraction tracings arel being taken. 
The isothermal
 
transformation from quenched high temperature phase to low temperature phase
 
MnBi can be monitored in this manner. Figure I-18 shows the basal plane
 
diffractometer tracings from the same MnBi film in the following three
 
conditions:
 
(a) Fully quenched high-temperature phas.
 
(b) Partially transformed, mixed high and low-temperature phases.
 
(c) Fully annealed low-temperature phase.
 
Quantitative anlaysis by X-ray diffracti6' is based on the fact that
 
the intensity of the diffraction pattern of a particular phase in a mixture
 
'of phaseSdepends on the concentration of that phase in the mixture. 
The
 
relation between intensity and concentration is not linear, since the
 
diffracted intensity depends markedly on the absorption coefficient of the
 
mixture and this itself varies with the concentration.- We have shown (2 )
I 
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Figure A_. X-ray diffractometer tracings of S1-G-I6-S7D 
in three conditions, (a) 100% quenched high temperature 
phase, (b) mixed quenched and' normal phase, and 
(c) 100% normal low itemperature phase. 
that the product of peak intensity and half line width a is proportional to
I 
the integrated intensity which in turn is linearly proportional to the amount
 
of the particular phase of MnBi present.
 
Another method of measuring the relative amount of the quenched and
 
normal phase in a mixed multiphase compound is by monitoring the magneto­
optic Faraday rotation of the specimen. The difference in the total Faraday
 
rotation at magnetic saturation in the quenched and normal phase MnBi provides
 
a convenient measure of the relative concentrAtion. 
 This method is discussed
 
in detail in a previous quarterly report.(2)
 
s
e ults and Discussion
 
The formation of MnBi films from layers of elemental manganese
 
and bismuth was studied by optical metallography utilizingmagneto-optic
 
Kerr effect. The formation of MnBi as revealed by magnetic-domain formation
 
suggests a nucleation and growth process. The coalescence of domains during
/ 
formation anneal results in the type of domain configuration observed.
 
Fig. 11-19 shows selected frames from a movie sequence taken during MnBi
 
formation anneal. It is difficult to perform quantitative measurements.
 
Cinematographic study does, however, provide a qualitative description of
 
the magnetic domain formation.
 
In a similar fashion, when a magnetically saturated normal phase MnBi
 
film is heated to its Curie point, the film becomes demagnetized. This
 
coincides with its transformation to the high temperature phase. This enables 
one to observe the l.t.p. + h.t.p. transformation in MnBi. Fig. 11-20 shows 
selected frames from a movie sequence depicting this transformation. The 
scratch was introduced purposely to help focusing the film surface, since it 
is absolutely featureless in a magnetically saturated MnBi film. The
 
l.t.p. + h.t.p. transformation as observed byhKerr effect suggests a 
nucleation and growth phenomenon. I 
•+ V 
The transformation from~quenched high temperature phase topnormal low
 
temperature phase in MnBi films can be studied by measuring the integrated
 
x-ray diffraction intensity from the basal planes of the two phases, or by
 
the magneto-optic method. By measuring the equilibrium quantities of the two phases
 
duringAisothermal transformation and(performingsothermal transformation at
 
various temperatures, the transformation path at different temperatures can
 
be obtained. These results are then fed into a Hone well HCN-time sharing
 
computer. A multifunction leasf square curve fittin program was used to
 
evaluate the measured data.- In most instance an exponential function fits
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the data with an index of determination close to unity. If we assume the
 
concehtration of quenched phase - Nq, that of normal phase = Nn, then at any 
time t the volume fraction of the quenched phase can be expressed as follows:
 
Nq = (Nq + Nn) exp (-t/t(T))
 
where t is a characteristic time constant which depends on the temperature
 
of transformation T.' By least square curve fitting, one can obtain the
 
characteristic time constant at different temperatures. The temperature
 
dependence of ( can be expressed by:
 
7(T) = exp(E/kT)
 
L 00 
where E is the activation energy, T the temperature in°K and k the Boltzmann 
constant. The,activation energy can be calculated from the slope of the log T vs
 
curve. TheAresults from X-ray diffraction method are plotted in Fig. 11-21.
 
Using the magneto-optic technique, the measured annealing time constant T1 
vs is given in Fig. 11-22. There is a 
. 
difference in the absolute value of-
T in these two measurements, but the resultant activation energy are 1.06 and
 
1.08 eV respectively, well within the range of experimental accuracy.
 
Initial attempts using X-ray diffraction methm& to characterize the
 
+I
 
l.t.p. + h.t.p. transformation in MnBi films confirmed the presence of a
 
hysteresis of the critical temperatures. If one designates the temperature
 
at which l.t.p. first appears on cooling as T and that at which the h.t.p.
co, dta wihtehtp
 
first appears on heating as Th' our results indicate that Th ranges from
 
below 330 C to 353 C while T 
 ranges from 3240C down to 300 C depending
 
on the rate of heating and cooling and perhaps: the previous thermal history
 
of the film specimen. To optimize our films, a series of thermal cycling
 
experiments were made with films prepared with'varying 14n:Bi ratio. These
 
films were thermally cycled from just below Tco to just above Th. 
The purpose
 
of this experiment is to enhance diffusion during these solid state phase
 
transformations thereby promoting additional MnBi formation. 
Based on X-ray
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diffraction results, we could not detect additional MnBi formation even after
 
thermal cycling som 30 times. 
 Fowever, upon close examination, we found
 
that for Mn rich specimens the angular position "41) of the diffracted X-rays
 
from the basal planes has increa:-. about 0.30 fo 
 :-he normal l.t.p. while
 
the angular position for h.t.p. r,.-ined 
unchanged. This angular shift
 
represents a decrease of c 
by 1%. 
This result raises the possibility that
 
MnBi is not a line compound, i.e. it may exhibit slight solubility of manganese.
 
According to Hume-Rothery and Raymon (1 )
 , if the binding of a compound with the
 
NiAs structure behomes more metallic, the interaction of the more metallic
 
element A (Mn in our case) extends the homogeneity range in the direction of
 
excess A (Mn) atoms. 
 These atoms may occupy some of the trigonal interstices.
 
The interaction of the metal atoms leads to decreases in the axial ratio and
 
the exothermic heat of formation.
 
The results from the formation and phase'trarisformation study can be
 
summarized in the following:
 
(1) The quenched h.t.p. 
­ normal l.t.p. :transformation is identified
 
as ofAnucleation and growth type. 
An activation energy of approximately 1 eV
 
characterizes this transformation.
 
(2) The l.t.p. + h.t.p. phase transformation near T 
is probably
 
also of\nucleation and growth type.
 
(3) MnBi is probably not a line compound as was suggested by other
 
workers previously. 
It may exhibit slight solubility of Mn.
 
C. Material Modification
 
4,1, 
The p1sical properties as well as the memory experimental results
 
indicate that the MnBi prepared in its quenched high temperature phase possesses
 
superior optical memory properties. The main'drawback of the quenched phase
 
MnBi lies in the fact that it will slowly anneal back to normal low temperature 
Wc.-S &eo&ci-c 
phase under normal operating conditions. Extensive research efforttz
 
ses the quenched phase 'ws-deve-ed during this study. BasedPon thceooiu
 
understanding of the nature of h.t.p. to l.t.p. transformation discussed in
 
the last subsection, we adapted an approach of dopir .or alloying in an
 
attempt'to retard or practically eliminate the annea ing process. Alternatively,
 
if the normal low temperature phase films canibe prevented,from transforming
 
intoAquenched phase, at the bit location fromlrepeated laser writing, they
 
will be more suitable for memory application since the read-out signal will
 
be'stble and independent of the number of repeated write or erase cycld.. To
 
this end two approaches were advanced. The first is to operate the medium at
 
temperature higher than the phase transition temperature of the quenched,
 
phase. Therefore, the medium will always be kept at the normal phase. 
This
 
method was found to be satisfactory and will be discussed in the next section.
 
The 	second approach is to modify the material. If the medium can be made
 
such that the normal phase undergoes a second order phase transition instead
 
ofAfirst order transition attCurie temperature, the high temperature phase
 
will be eliminated. Recent researcr; in MnAs( ) indicnires that this could
 
be achieved byhsuitable choice of substrate material. 
We have adapted
 
the same approach. In this subsection, we will discuss totb the doping
 
and alloying experimental results and the effect of substrate onAphase
 
transition.
 
1. 	Doping and Alloying of MnBi
 
Experimental study of doping or alloying of MnBi falls into
 
the 	following three approaches.
 
- (1) Doping of elements of suitable atomic dimension to retard
 
the 	movement of Mn ions in the quenched MnBi.1 Elements identified for
 
this purpose are Au and Nd.
 
(2) Doping or alloying with elements to promote covalent bonding.
 
Te and Ge are selected for this case.
 
(3) 	Doping or alloying with elements to promote the metallic bonding.
 
Cr FP,
Elements identified for this study are Ok, Ni,APd and Mn. 
Alloying with Mn
 
is of course equivalent to varying the Mn to Bi ratio in the compound.
 
0o'r experimental procedure consists of introducing the dopant in the Mn and
 
Bi elemental layers, performing the compound formation heat treatment,
 
quenching the resultant film from above 3600C 'toprepare it in h.t.p.,
 
and 	measuring the activation energy associatedwith the transformation from 1& 
h.t.p. to l.t.p. 
 The technique for measuring the activation energy is by the
 
magneto-optic Faraday effect as 
described earlier in this section.
 
a) Doping with elements of suitable atomic dimension to retard movement
 
of Mn ions in the quenched phase: It has been postulated that the crystallo­
graphic phase transformation in MnBi involves migration of Mn ions into the
 
interstitial sites. On the assumption that these ions come from the ions
 
originally at the lattice site, it is possible to prevent them from returning
 
to normal phase by introducing foreign ions of proper valency and atomic
 
dimensions to fill the lattice site left behind by the Mn ions. 
 Au and Nd
 
were used as dopants for this study. The annealing time constant or the
 
activation energy associated with the transformation fronquenched to.normal
 
phase was measured on the doped film and compared with the undoped film and
 
the results shown in Fig. (11-23). It is seen!that there is essentially no 
improvement in the activation energy. 
Recent study an the low temperature measurements and the investigation of
 
the electronic transport mechanism as 
discussed in subsection A suggest that
 
the Mn occupying the interstitial sites in the quenched phase tz from the
A' 
free Mn atoms in the grain boundary or dispersed throughout the film, rather
 
than from those ions at the lattice site. The negative result from this doping
 
experiment supports this viewpoint. 
This approach is therefore abandoned.
 
Doping with elements to enhance covalent bonding. MnBi has a NiAs
 
structure. 
The lattice bonding in this type of structure exhibits varying
 
degrees of covalent and metallic bondings. Without precise knowledge of how
 
the interstitial Mn ions in the quenched h.t.p. affects the bonding, we have
 
to explore the methods of doping to affect either the covalent bonding or
 
the metallic bonding. We have selected Te and;Ge as dopants to examine the
 
approach of enhancing the covalent bonding.
 
The results of the annealing time constant as a function of temperature
 
O& shown in Fig. (II-2. The acfivation energy calculated from tirsiA is found 
to be lower than the undoped filmis. Based on the I imited number of experiments 
performed, this approach does not 
appear to produc Che required result.
 
C)
 
(S) Doping with elements to Promote metallic bonding. To affect the
 
metallic bonding in MnBi, we have selected the use of ThtPCr and transition
 
metals such as Fe and Ni for this experiment.
 
Doping with Fe even at a level of less than 2% by volume resulted in
 
I 
films of extremely low magneto-optic effect and,poor uniformity. Because of
 
this effect the resultant film cannot be accurately evaluated.
 
Doping with Ni was performed by two different tc hniques. One method was
 
to-evaporate a Ni layer with Mn and Bi layers, similsa o~doping method used
 
with other dopants. The doping level is less than 5%. Alternatively, we have
 
melted Mn and Ni into an ingot as 
a starting material to be evaporated as one
 
vapor source and Bi as the other. This allows;us to increase the alloying
 
level up to 20%. The results obtained from these two methods appear to vary
 
slightly probably due to the Ni concentration difference. This is shown in
 
Fig. (II-4-). Doping with Cr requirest excessive amount of heating.for vapori­
o .1 .-.
zation in vacuum (in excess of 1200 C-): It isipossible thattcertain amount of
 
re-evaporation from the substrate and oxidation could have taken place.
II The
 
effectiveness of this Cr doping was not certain. 
However, the annealing time
 
was measured on one of the samples and results also are shown in Fig..(II-"-)
 
together with the result of doping with 'Pd,and Ni.
 
Variation ofAMn to.Bi ratio of the evaporated elemental layer before
 
compound formation anneal is effectively the same as doping with Mn. We have
 
studied'the effect of5Mn to Bi ratio to the quenched phase annealing time
 
more extensively than any 
other doping approach. The results are summarized
 
in Fig. (11-2;).
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Based on the doping experiments completed to date, we can draw the 
following conclusion:
 
(a) Of the three methods for quenched film stabilization attempted,
 
doping to enhance the metallic bonding seems to be most effective.
 
(b) The activation energy associated with the quenched h.t.p. to l.t.p.
 
can be increased from 1 eV to 1.6 eV by doping with Mn, resulting in improved
 
room temperature lifetime, but the annealing time nearACurie temperature of 1800C
 
does not show significant changes.
 
Cc) Doping with Ni shows improvement in the annealing time constant
 
nearhCurie temperature but no significant change in the activation energy.
 
(d) Most other doping causes no significant changes in activation energy
 
but with slight reduction in annealing time constant.
 
Evaluation of the annealing time constant and activation energy are based
 
on isothermal phase transformation experiments. 
This static measurement is
 
relevant to the storage lifetime of the quenched film, but does not necessarily
 
dictate the stability of the medium during writing, which is a-dynamic condition.
 
In-fact, phase transformation due to Curie point writ-ig for both the normal
 
and quenched phases requires a dynamic real time stud) during writing. 
We have
 
devised an experiment using two laser beams forj this d namic study. 
This will
 
be discussed in the next section.
 
2. Substrate Effect
 
The purpose of this study is to explore the possibility of eliminating
 
the high temperature phase in MnBi. 
If the phase transition atACurie­
temperature can be changed by the use ofAsuitable substrate, to a second
 
order phase transition, the medium will stay in the low temperature phase.
 
Repeated writing or erasing will be tolerated without a phase change. 
The
 
result is a stable medium with constant read-out signal operating at room
 
temperature. 
 The effect of substrate material on the Curie temperature and
 
phase transition in MnAs films has been reported previouslyv We have
 
prepared sampl&s on a number of substrates of various thermal expansion
 
coefficients. The difference in thermal expansion between the substrate
 
and film can induce a large stress in the film; this in turn will cause a change
 
in the Curie temperature. 
Bean and Rodbell( 2 and DeBlois and Rodbell~i4)
 
have predicted from'a theoretical model that the Curie temperature can vary
 
as 
Tc =.To 1 + 8 (V-Vo)/V )
o

where T is the Curie temperature for the case when ti 
specific volume V
 
00of the medium were to be restrained to equal W Vo, tt specific volume at OK
 
in the absence of strains, and 8 is a proportionality constant9
 
The linear change introduced by the substrate due to the difference in
 
thermal expansion coefficient of the substrate 
s and MnBi am is
 
(as-aM) (Ta-Top
 
-where Ta is'the annealing temperature during compound formation and T 
 is the
rat 

operating temperature which is generally the robin temperature. 
op 
-Assuming .he thickness of the film is independent of the substrate, we
 
have the change of Curie temperature
 
AT =T (withII substrate) -T~ (no substrates) 
0 d 
This indicates that the Curie temperature will'increase if as>a and decrease
 
if a>as.
 
We have prepared HnBi films on teflon, rock salt, sapphire, quartz,
 
besides mica and glass substrates. The Curie temperature was found to vary
 
over a range from 3400C to 375°C, depending on substrate material. Furthrmore,
 
the difference in temperature span between the start and end of the transition
 
can vary from 8 C for films on,teflon snat-rate to 20 C for films on rock
 
salt snhst-r-e. 
 The results are plotted in Fig. (II-2t). The estimated
 
thermal expansion coefficient of 20 x 10 
 together with the Curie temperature
 
measured on single crystal Uf MnBi is also plotted on the curve. 
The results
 
are in generalagreement with the analysis. I
 
The temperature span AT increases with the substrate thermal expansion
 
coefficient, a result also observed in MnAsis 
 indiates the possi­
bility of changing the first ordei transition into a second order or second
 
order like phase transition. However, it is not clear at present that this
 
approach can completely eliminate the high temperature phase, without resulting
 
in a medium with a Curie temperature exceeding the damage temperature of 4450 C.
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E. 	Film Coating
 
Unprotected film exposed in air will gradually decompose into a nonmagnetic
 
layer, even at room temperature. The main source of contamination was traced
 
to the moisture contained in air. 
 In order toprotect the film from deterioration,
 
a protective over coating is necessary. 
The coating must satisfy the following
 
requirements:
 
(1) 	Effective as a moisture barrier.
 
(2) 	Optically transparent and possess suitable refractive index.
 
(3) 	Can be applied uniformly withAthickness variation no more
 
than a fraction of one micron over the entire film surface.
 
(4) 	The coating thickness should be controllable to achieve a.
 
maximum index match tolinBi film.
 
(5) 	Can resist heating during laser Curie point writing.
 
(6) 	-Must be inert to MnBi under normal operating conditions.
 
A number of coating materials have been used in this experiment. Among
 
the coating materials attempted we have found that SiO, SiO2 and MgF2 all
 
worked well and satisfied the above requirements. Usinghvacuum deposition
 
technique it is not difficult to control the uniformity and coating thickness.
 
$AILSilicon monoxide coatings was most extensively used in our films because it is
 
easy to deposit in a vacuum system and provides the proper optical quality.
 
The refractive index of MnBi at the visible wavelength measured earlier (1966)
 
resulted in ange from 2.4 to 2.2. 
 To achieve index matching, the
 
refractive index of the coating should be in the range of 1.5 
- 1.6. We have 
i 
found'however that SiO deposited at a vacuum of 10,7 
 mmHg which should result
 
in an index of refraction of 1.9, 
serves as a good index matching medium. In
 
order to adjust the thickness of the coating for best optical transmission
 
at the operating wavelength of 6328R, a laser monitoring system was incorporated
 
in our film deposition system. 'The laser beam intensity reflected from the film
 
was recorded on a recorder as 
a function of time during SiO deposition. When
 
a minimum in reflection is achieved, the coating is of proper thickness for
 
index matching and the SiO evaporation stops. Normally, we cut off the evap­
oration at the second minimum to establish a better reference point for a more
 
precise cutoff. Furthermore, a thicker coating is more desirable because it
 
is more durable. 
Film coating thickness control allows a better utilization
 
forflaser beam in the write, erase and read-out operation. The laser write
 
power was found to be reduced by a factor of two for films with coating
 
adjusted for minimum reflectivity as compared to those with maximum reflectivity.
 
A detailed account of these results will be discussed in Section III.
 
III. OPTICAL MEMORY EXPERIMENTS
 
The objective of the optical memory experimental part of this 
investigation is to determine the usefulness of MnBi films for the 
10 - 1012 bit memory in terms of its write, read, erase capabilit.g0 ..
 
This includes th- measurements of film memory characteristics, tha eval­
uation ofAuniformity in large-films, tih examination of the basic
 
writing erasing mechanism, and the effects of environmental conditions

oYu
 
-Co the film memory properties.. The results of this study i4FA serve two
 
purposes. 
On the one hand, they wil provide guidance to the materials
 
research as to the special aspects of the material properq needa further
 
improvement. 

-On the other hand the results serve s the boundary conditions
 
for trade-offSin the systems study of the optical m mory. 
This study is
 
4Xtherefore the bridge between the materials and systems investigati6n of
 
this optical memory research effort.
 
A. Memory Characterstics of MnBi Films
 
Optical memory characteristics of MnBi films involvel the laser Curie
 
point writing properties, the repeated cycling effect, the read-out
 
signal characteristics, the erasure field requirements, the information
 
retention characteristics, and the effect of film overcoating. 
These
 
investigations were all performed tki the memory exerciser described in the
 
third quarterly report.1 The objective of this study is to determine the
 
characteristics of MnBi films dnztr optical memory applicationS. The
 
results obtained in this study will provide the basis for the systems
 
study of the intended spaceborne optical memory.
 
i. LC jv&;t4 
Thd properties of the material discussed in the foregoing sections have
 
an effect on the memory characteristics of the film, particularly the two
 
crystallographic phases. 
A comparison of optical memory characteristics with
 
measurements of Curie temperature, Faraday rotation and magnetization of the
 
normal and quenched phases is given in Table II-l of our first quarterly report.
 
In the quenched phase the write power required is about one-fourth, the readout
 
signal about one-half and the erasure field about one-half of that for the normal
 
phase. Since the decomposition temperature is 450°C, the lower Curie temperature
 
0 . ttg " W..-ALIof 180oC greatly increases the margin betweenAwrite or erase~and k amagee. 
These are the major advantages of the quenched phase, but they are opposed
 
by the disadvantage that the quenched phase gradually transforms back to the
 
normal phase. 
A time constant for this transformation has been measured and
 
plotted as a function of I to obtain an activation energy for the process
 
in-the previous section. 
We have investigated the optical memory characteristics
 
during this transformation also. 
Figure III-i in quarterly report no. 2 shows
 
a plot 
- 4
tof the point at which the writing threshold power begins to increase.
 
as-a-f~ a-of--tempe~t.. 
 Figure III-1 of this report is a typical example 
of the threshold power required to effect a write as a furiction 6f time while 
the film operating at 92 0 C is transforming back to the normal phase. This rela­
tionshipAis characterized by a plateau, a'sharp rise and a plateau at the normal
 
phase level. The normal phase concentration at the beginning of the upper phase 
plateau is about 20 percent, well below the 63 percent point at which the 
transformation time constant is defined.
 
When the time constant for the transformation is used to extrapolate back
 
to zero concentration, it tends to coincide with the time at which the threshold
 
power begins to increase. Therefore, we would conclude that the first plateau
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is a nucleation period during which growth of the normal phase is very slow.
 
Apparently, the nucleation process has little or no effect upon the writing
 
power requirements. Only when the normal phase Iconcentration comes into the
I 
few percent range, does the writing threshold power requirement begin to
 
increase.
 
2. Repeated Cycling Experiments A 
On cr'-&U tc°ht .epeated cycling experiments which require hours of
 
time can be done without interference from the natural transformation. When
 
spots are repeatedly heat cycled the average temperature is above room tempera-

I
 
ture. If we assume that the transformation time~constant is a smoothly
 
increasing function of temperature that can be extrapolated from the time
 
constant measurements, we find that at 1800C theltime constant is about 40
 
milliseconds. Assuming that the center of a spot is above 1800C for 0.5
 
microseconds during laser writing, we would expect to see an effect upon the
 
optical memory characteristics after about 104-105 pulses. Preliminary experi­
ments of this kind performed on quenched films indicate a gradual decrease in
 
I6
 
the readout signal after about this length of time. Spots have been cycled about 106
 
times before the S/N becomes less than one. When these spots are examined under
 
the microscope at high magnification, there is no evidence of physical damage.
 
It should be noted that this kind -6f experiment is done witt the writing power
 
well below that requited to effect a write in the normal phase. So we would
 
expect the-signal to disappear as -thewriting threshold power increases, -as the 
quenched film gradually transformsXntoAnormal ptase.
 
Similar experiments have been conducted with the film in the normal phase.
 
When the film is at room temperature the written spot rapidly quenches into
 
the high temperature~hase after repeated cycles of writing to above 3600C with
 
microsecond pulses of laser heating. It then exhibits a smaller readout signal
 
due .to the smaller Kerr and Faraday rotation. Zf the write power is then reduced
 
repeat cycling can be continued. This has been tested for a-renad a million
 
operations with no further changes in memory properties. However, if the write
 
power is not reduced, the center of the spot will soon burn out leaving only a
 
ring of material that continues to switch. This ring is thought to occupy a
 
position along the temperature profile where the !'conditioned" spot on the film will
 
not exceed the dissociation temperature. 
The center of the spot bbees,as if it
 
ha exceeded the dissociation temperature.
 
Spots have also been exercised greater than 105 times with the film at a
 
0 
nominal temperature of 250 C. HIgh magnification photos using an oil immersion
 
objective are shown in Figure III-aa, b. Figure Ill-a shows the spots under
 
; A
 
crossed polarizers. The small patches of switched material around the test
 
pattern are left due to misregistry during the experiment, Figure lIl.b is a
 
photograph of the same area with unpolarized light. Notice that the spots
 
written .only once cannot be seen under unpolarized light, but spots that have
 
been switched many times show up. This can be construed as damage due to
 
repeated cycling. The precise nature of the damage is not known.
 
Spots tested greater than 105 times atAnominal temperature of 340°C are
 
shown in Figures III--a, b. The test pattern can be identified by three
 
written spots to the left of the matrix of written spots. Note that there are
 
no unswitched residuals evident. 
During this experiment the dimensional
 
stability of the equipment was no better than it was during the foregoing
 
0 
experiment at 250 C. Therefore, 7e would conclude that a spot of slightly larger
 
size than the written spot but no larger than a minimum domain width can be erased.
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The location of the test pattern can be identified by the black spot with 
two protrusions to the left. Note that in this case there is no evidence of 
damage in photograph Figure llI-b taken under unpolarized light. The readout 
signal on the oscilloscope did show some evidence of degradation during the 
test. We would conclude from this experiment that tbe-2 was no visible physical 
damage to the film due to repeated cycling during this axperiment. 
More recently, an improved test system with better rigidity and therefore
 
much reduced misregistry problem was used to repeat the cycling experiment.
 
Operating at 2500 C, a normal phase film (film no. M-330-7) was tested through 
write-read-erase-read cycles at a rate of 400 cycles per second. The writing 
power level was 5.5 mwatt, about 10% over threshold and erasing field was 500 Oe 
with a spot size of approximately 2 um diamettr. - Fig. III-f Afour photographs 
of the oscilloscope display of the readout -a signal n written and erased 
conditionson the same spot vi . The differential readout signal is also fed to 
a thresholding device which provides TTL compatible output. This output is shown 
-
in the two lower traces in each picture. The time scale was 2 x 10 3 cycles/cm.
 
The photographs were taken in a sample-and-hold mode, giving 10% sampling 
read-out. Therefore, each photograph covers a quarter million cycles. The signal
H 6 
displayed at Fig. III-ft(C) shows no deterioration after 10 cycles of exercising 
or 2 x 1O Gtn-e4ns-rftring. 
NOT REPRODUCIBLE
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emerature Dependence of Readout Signal 

Among the physical pr6perties that affect te 
memory read-out characteristic
 
is the temperature dependence of the magnetization and the resultant Kerr effect.
 
The readout signal from a differential detector system can be analyzed as 
follows
 
using the Jqnes calculus.1'>
 
Cosa cosasin c 
 cos sin 0 
- os s n a , 
os c s 0nsin a (V im* ;o~i \c s~si  Oo S~0)so
in2Yo2
s

y 2 (E)
(
 
where 0 = analyzer angle with respect to beam polarization, * = Kerr rotation 
and a = 
angle between the axis of extinction ofApolarizing beam splitter with
 
respect to beam polarization. Thus,
 
E xE ysinOcosacos (ct-e--4(:; (Ejysinfsinacos(ao.)I
 
The intensity at the twodetectors becomes
 
1= 1 sin2Ocos2( 'e-) 
and
 
120=121sn2 2 =E 2
sin Ocos (a- y--) for I 2
I 	 *o y 
where 4 	is the Kerr rotation for a saturated 
-fim. 4 is a function of tempera­
i0 
ture as 	is magnetization. 
When the system is i balance, a-0 = 450 so that 
11I2 = I sin 2O l-2cos2 iT + 
where "+' sign applies to a "0" bit and "_" for "l" bit. The signal is 
actually contained in the last term, but the total intensity must be used for
 
noise calculations.
 
So far, this analysis assumes that the fil 
switches uniformly over the 
whole area illuminated by the read beam. 
When the same beam is used for
 
reading and writing, the actual written spot diameter is less than the Gaussian
 
beam diameter. Hence, the area contributing to the signal difference I 
- I 
A a/o1 2 depends 	upon the area switched. 
We define a factor K (aw) with which to
I0 
multiply the readout signal difference to make the adjustment. The factor K
 
is obtained by integrating the beam intensity distribution over the written
 
spot giving,
 
o 	 = re wo dr =I-e ra/ 
wO
0 2/ 2 
where a = radius of the written spot and w0 
= 1/e2 beam radius. 
The power distribution is proportional to exp(-2a2/W 2) and we assume 
that the spot radius a is governed by the point in the distribution reaching 
the Curie temperature. For the normal phase, we have 
2
360 - Tf e-2a/ 2
446 - Tf/w 
where Tf is ;the operating temperature.
 
Then we can write for the readout signal,
 
0 (1T(T))1 446 - Tf 
The temperature dependent portion of this equation is plotted in
 
Figure III-
 assuming a maximum Kerr rotation of,20. It shows a peak in the
 
readout signal level at about 250°C. 
 This has been observed experimentally
 
on a film with a somewhat smoother decrease in the Kerr rotation with tempera­
ture, which tends to shift the peak toward lower temperatures. An increase
 
of about a factor of two in the readout signal can be obtained by operating
 
the film in the temperature range about 2500C.
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4 Erasure Field and Demagnetizing
-Field Effect
 
We have measured the switching characteristics of a Curie point written
 
pot 6f approximately 2 pm diameter on MnBi films. 
 The measurements were made
 
by periodically heating a spot within a laser pulse and applying a magnetic
 
field pulse on alternate cycles. 
The peak magneto-optic signal from the Kerr
 
effect read-out was observed as a function of magnetic field applied during
 
both erasure and writing. Measurements were made on the same film with the
 
sample in the normal and quenched phases and in saturated and unsaturated
 
conditions. The results are shown in Fig. III-4 
 In this figure the
 
normalized signal which is the signal difference between a perfect write and
 
erase normalized to the signal for a perfect write, is plotted as a function of
 
the erasure field. 
The field required for a perfect erasure forAnormal
 
phase and quenched phase film is seen to be 600 and 300 Oe respectively.
 
X Saturated 
0 Devagnetized 
05 liotDSI Phase 
0• 
.4 .-4 
Quenched Phase
 
.2 0 
0x 
0 100 20D 300 400 500 600
 
Applied Field Oc
 
Figureff_& Normalized magneto-optic Kerr effect signal as a
function of applied magnetic field for spots Curie-point
Witten on HuM film in the normal and quenched phase
and in the sattrated and demgnetized condition. 
I ­
However, the gradual change of the signal as a function of the applied field
 
indicates possible trade-off between read-out signal and the required erasure
 
field.
 
A t-me--dependen-t calculation of the~demagnetizing field profile produced 
by a film of MnBi inside a spot on the film which was heated above the Curie
/ 
temperatute was performed by Mr. E. Bernal G. of this laboratory. The
 
calculation was performed using two layers of poles to represent the film.
 
The temperature profile of the heated spot at t = 0 was assumed to be gaussian,
 
which is a good approximation to the profiles produced by laser heating 
 for
 
t>O the temperature distribution was obtained as 
a solution of the heat-flow
 
equation for an unbacked film.' The measured temperature dependence of the
 
magnetization for both crystallographic phases of this material were used in
 
the calculation. 
The spatial dependence of the field within the non-magnetic
 
area was obtained as a function of time. 4
 
The calculated values of demagnetizing field maxima are in good agreement
 
with the measuied values of external magnetic field that must be applied in
 
coincidence with a laser pulse in order to erase a written spot. 
The agreement
 
is good for spot erasure in films of either crystallographic phase.
 
The calculated values of demagnetizing field and the measured values of
 
external magnetic field that must be applied in coincidence with a laser pulse
 
in order to completely erase a written spot are in good agreement. This agree­
ment is critically dependent on the temperature dependence of the magnetization
 
of the films.
 
Other features of the time-dependent results obtained also appear to
 
explain features-of the partial erasure of spots heated in the presence of
 
external magnetic fields. 
The success of the calculation in predicting
 
erastire fields and other features of Curie-point switching lead us to believe
 
that the demagnetizing field is the dominant f4ctor determining the magnetization
 
direction in laser beam writing in manganese bismuth.
 
!ietention of Informaton 
There has been no evidence of the spontaneous loss of stored information
 
from MnBi films in either phase of the material from room temperature to 3000C. 
Althoughiquenched film transforms back to the normal phase, the magnetization 
fh4M t.'; 
- .tj fzvdirection remains unchanged by the process A. tC T- ..Cooling of films in liquid nitrogen
 
will cause them to become demagnetized, however. 
Also, films become demagnetized
 
when heated through the Curie temperature. The operation temperature of this
 
medium is therefore limited to between 77°K and 633°K. 
Observations on the
 
retention of information were made visually withia pole izing microscope of high

resolution. 'Wro 6-+*, Cr "-U,,/ 
, z*.-,' . A.-' .- -. .'.n,. 
6. 	Effect of Film Overcoating
 
The importance of the SiO coating on the MnBi films was discussed in
 
the 	previous section. 
The primary function of the coating is protection of
 
the MnBi. A very useful modification on this coating procedure is an opti­
mization of the surface reflectivity (at 6328R). The memory exerciser is
 
sufficiently sensitive to this change in reflectivity that it notes a change
 
in threshold power. One test involved measuring write threshold power of
 
a sample at minimum reflectivity; then recoating it for maximum reflectivity
 
and evaluating it; and then recoating it back to the original minimum. 
Results
 
were fairly conclusive concerning power deliverable to the film, as well as
 
evidence indicating the maximum reflection generated excessive noise in the
 
signal detection system. Preliminary results indicate this effect to be
 
larger than the Mn to Bi ratio effect on threshold power. In Fig. 111-7
 
a sample trace of recorder chart monitoring the reflectivity as a function
 
of overcoating SiO film thickness is plotted. 
The 	cut-off point was set whentq-

SiO coating was three quarters of a wavelength thick. The threshold laser 
writing power level Pth in mwatts is tabulated in Table iti for two films 
tested as a function of the SiO overcoating thickness.
 
Table III-1 
Fth 	in mwatts
 
SiO 6" Disc 	 5/8" diameter 
Thickness 
 G-7-292 	 M-512-5
 
l/4X 	 1.9 
 2.2
 
1/2X 3.8 
 4.1
 
3/4X 1.9 
 2.2
 
10­
9 
C8 
_­
5-­
~4­
_3 
m3 
a:4 
:1F 
2I 
COTINGTHICKESS.SiO OER 
We may conclude that a laser writing threshold power can be reduced
 
by a factor of two for films of coating for minimum reflectivity as compared
 
to those for maximum reflectivity. The detector output signal to noise ratio
 
is als° improvpd for films of minimum reflecti ity.
 
I. Preparation and Optical Examination of 6" tiameter MnBi films. 
Films of MnBi are prepared by vapor deposition on glass substrates.
 
The evaporated layers of manganese and bismuth are subjected to a prolonged
 
heat treatment during which the magnetic MnBi is formed. 
To insure uniform
 
vapor distribution, a planetary motion was maintained on the substrate
 
during vapor deposition. A protective layer of either MgF2 or SiO is
 
evaporated on top ofAMnBi. 
MnBi films thus prepared are polycrystalline
 
but oriented with the crystallographic c-axis perpendicular to the substrate
 
surface.
 
After deposition and vacuum anneal, the 6" MnBi discs are in a demagnetized'
 
state. 
Using the Faraday effect the magnetic domains in these films can be
 
examined. This is an invaluable means of assesbing the film% quality and
 
of providing information for film improvement. For example, by examining
 
magnetic domains'at various-defect spots, it is possible to distinguish
 
whether the defect was inherent in the glass .substrate or introduced during
 
the cleaning operation. In general, the magnetic domain size and geometry
 
do not change across defects of the first type (see Fig. 1•). 
 On the other
 
hand,, stain marks left during substrate cleaning result in large magnetic
 
domains in that area (See Fig. J. 
Fig. 18 is a picture of the same area
 
as 
in Fig. 15a taken under ordinary transmitted light. Dust particles can
 
b- clearly seen here. Pinholes are relatively small in'size-and low in
 
number. Fig.22udepicts the general appearance of the pin holes at 25X. 
A
 
Pinhol (at A) and a dust particle (at B) are visible in this area of the film.
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film Uniformity 
Manganese bismuth films have been prepared "n 6 inch diameter substrates
 
in a band 1 inch wide around the outside circumference. These films are
 
overcoated with SiO and visually they appear to be perfectly uniform.
 
A fixture was constructed to hold these discs in the memory exerciser
 
and heat them to tt-e--cinity--4ust.baow the Curie temperature. Thelflxture 
can be rotated and positioned such that nearly any area on the film can be in 
the field of the focusing lens. 
Memory exercise experiments are performed over randomly selected areasof the
 
6" disc. A test consists of raising the write p'wer and the erase field to a
 
level giving a go6d readout signal, and then exercising a 16 x 16 bit pattern
 
by writing and erasing 8 times. The total number of switches for a test pattern
 
is then 1448.- A i-directional counter Iis used to count the "0 "Tand "1" counts for 
the test pattern. If the pattern is perfect the count ends at tero. If it is 
not perfect, a residual count remains in the counter at the end of the test.
 
Eight samples have been tested in this manner. The test result is summarized' 
in Table-_Z. The column X is the mean number 
TABLE m-z 
Fl#!/ U PFilm// f '1 . erase. 
G6 271 4.2 12.3
 
G7 261 (a) 7.6 13
 
G7 261 (b) 14.2 ... 12.2 40 
G7 292 28.2 102 50 
- <1000
 
G7 296 90.5 110 50 750
 
G7 301 19.8 30 40 - 750
I 
G7 302 6.9 30
3.3 750
 
of counts missed per pattern, a is the standard deviation from the mean,
I
 
Pmin is a measure of the relative power required[ to write and H is the
 
merase
 
field required to completely erase in 0&.
 
The first two discs yielded many patterns with no missed bits. A large
 
standard deviation results because missed counts came in large batches rather 
than being distributed throughout the sample patterns. Subsequent samples
 
were tested with a poor signal-to-noise ratio in the electronics. Disc G7 261 (b)
 
is a duplicate run under poor signal conditions, We note that the mean is
 
shifted but the standard deviation has remained hbout the same as it was for the
 
better test conditions.
 
Discs G7292 to G7301 appear to be similar to the first two discs in quality. 
The last disc gives~different result. We believe that it is of better quality 
because the standard deviation is smaller than the mean. The large mean 
missed counts are due to poor signal-to-noise ratio rather than defects in the 
film. The S/N problem must be resolved, but the data is presented to illustrate 
how we can differentiate between film defects anld poor S/N., 
Our general conclucions about the quality oFf the films are as follows. 
Faults are restricted to localized defects like Ipin holes or dust particles.These flaws constitute much less than 1% of the film area. 
Microscope observa­
tions show many of the defects to be associated lwith the cleanliness of the 
substrate on which the MnBi film was deposited. lFinally, theemory characteristics 
t­
(write power, erase field and S/N) appear to be uniform"over the surface of
 
the "6t diameter film to within a few percent.
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C. 	Laser Curie Point Writing Mechanism expe 6 ct.
 
- The time interval during 
aser Curie point writing and erasing op a
 
is typicallthe order o microseconds. It is evident that the writing
 
mechanism is dynamic in nature. 
The static phase transformation study dis­
cussed in the previous sectioi cannot be adequately extended for the under­
standing of the dynami 
writing and the consequent phase transformation
 
mechanism. 
However, i is essential to obtain a thorough understanding of
 
the writing'mechanism because:
 
(1) A mathematical* 
model of the writing and erasing mechanism
 
is a necessary tool for the trade-off study in the systems
 
design effort.
 
(2) The limitation of repeated writ6 cycling without~phase change
 
could be extended by suitable adjustment of the writing conditions,
 
if the dynamic process of the phase change is known.
 
(3)' The knowledge of the writing mechanism can guide our materials 
research effort in both the doping and other material improvement
 
studies to achieve long term stability.
 
With these reasons in mind, we have devised a two-beam experiment for
 
this study. An argon laser operating at 4e8SO wavelength and at a power
 
output of about 100 mwatts was used to write 7pm spots on MnBi film. 
A HeNe
>1
 
laser of/ywatt power level focused to 2pm spot size was used to probe in-t
 
the spot being written by the jargon laser. The magneto-optic Faraday effect
 
.of the film modifies the polarization direction of the-probing beam, which
 
was analyzed and detected. In!this manner, the magnetization within the spot
 
being written can be monitored; on a real time basis. Fig. '(II-2)shows the
 
D- DI, D2: DETECTORS 
LI-L4: LENSES 
HeNe 
LASER 
p POLARIZER 
L4 B.S. BEAM SPLITTER 
F : FILTER 
F 
2ARGON LASER 
MnBi MODULATOR 
FILM 
schematic of the experimental arrangement. ThIe modulator used for switching
 
the argon laser was a liquid Kerr cell with a tapid rise and exponential
 
decay pulsing network. 
The decay time constant is approximately 10psec.
 
This long decay time is used so that the details of the time dependence of
 
magnetization switching can be more clearly monitored.
 
Experimental measurements are still being'refined. 
However, a pre­
liminary result displayed on a dual beam oscilloscope is shown in Fig. (111-13).
 
The upper trace shows the time dependence of the writing argon laser pulse.
 
The lower trace gives the detector output monitoring the read beam polarization
 
direction. 
The time scale for both traces arel lOsec/cm. There are three
 
arrows marking the levels of the read beam. The top -rrow indicates the level 
for the read beam with the spot unswitched. The cent r arrow is for the level 
when the spot loses its magnetization. The lower arr j indicates the level
 
for a completely switched (or written) spot.
 
From this result, we can conclude that the spot rapidly loses its
 
magnetization during the Curie point writing process. 
Magnetic switching
 
was accomplished at that instant. 
However, because of the slower physical process in
 
the recovery of magnetization, the full value of the reversed magnetization was
 
not realized before a time lapse long beyond the end of 'the heating pulse. 
One
 
obvious implication of this result is that a time lapse of the order of 10psec
 
should be allowed between writing and reading in the same spot to allow proper
 
recovery ofAmagneto-optic effect.
 
Detailed information in regard to the phaIe change during writing is 
now
 
being carefully examined. 
This requires considerable refinement of the
 
experimental technique.
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J). V-O Environmental Effects 
!
/ 
Radiation 
A normal phase MnBi film oh a mica substrate'with 2000R of SiO was
 
used in a radiation test. Magneto-optic information in the form of Curie-point
/ 
written bits was stored on the film. 
The film was then placed in a cobalt bomb
 
at 115 mr/hr for 410 hours giving a total of 47.15 rads. 'Subsequent microscopic
 
evaluation showed no change in the film or its stored information.
 
Humidity
 
Normal phase films with SibJovercoating stored at room temperature where
 
the relativ5Aumidity is >50% show no degradationi over a period of several
 
0 
weeks. 
Samples stored at elevated temperatures I>100 C) can survive boilingwater 
placed on them with no obvious effect. The usefulness of the SiO coating, as
 
mentioned above under "aging", is of prime -interesthere also. 
Preliminary
 
results indicate that good quality coatings are a requirement, This good quality
 
overlayer must also extend beyond the edge of the MnBi to guarrantee a good seal.
 
Temperature
 
Film temperature environment test was perfoimed in a series of tests at
 
340 C on films in air and partial vacuum and with varying thicknesses of SiO
 
coating. Obviously tests at this temperature exclude quenched films. 
 Tests
 
were'held below the Curie temperature to avoid loss of information. This allowed
 
" 

.1 
runnifig 
some of the retention tests and the aging tests simultaneously. Films
 
with thin SiO (e2000R) protective layers deteriorated in air at 340°C in less
 
than one day. Nearly'identical films were used i tests where control samples
 
were needed. A pair of these films were run one 
n air and one in partial 
vacuum ("'i micron Hg) to test the possibility of deterioration from within MnBi 
i 
under the SiO. 
 Results indicate that contact of film to air through imperfections
 
in SiO coating-to be the problem. Other control samples were recoated to
 
thicker SiO (0llOOO) and subjected to the same 340°C test in air. Exposure
/ 
>1 week produced deterioration only where there were holes in the coating.
 
Some intentional scratches thru the coating substantiated the type of film
 
breakuplcaused by SiO coating imperfections, giving another verification to the
 
source of deterioration. From this experiment, we conclude that using a SiO
 
protective coating free from imperfections, filmkwill not deteriorate even at
 
an operating temperature of 3400.
 
IV. Systems Stud
 
The objective of this '-art of the optica memory i-vesi gtion is to
 
define an optical memory systc, 
 z sufficient detail to ailow boundary
 
conditionsto be placed on 
 parameters of the storage materials under
 
consideratio., 
 It must define t.e requirement of other portions of the
 
memory besides the memory medium. " 3.ti.p 
 AcI } .t ccuj:. P -
Our initial goal was to develop a system Tnvolving no moving parts.
 
Based on the state of the art of beam deflction (3 x 103 spots in
 
each dimension) and optics technology (10 -10 resolvabld spots for the
 
focusing lens), 
 it is now apparent that the in rtieless optical memory
 
approach can only provide 
l07-108 bits of capacity. A multiplicity of
 
10 -10 units will'be needed for a total -010- 012 bits. 
The complexity and
 
cost will be prohibitive for such an approacn.,
 
Based on this discussion, we have been cox centrating on a method of
 
addressing requiring the simplest mechanical m tion, namely a rotating disc
 
or drum s-y .
 This type of mechanical mozio 
 is largely maintenance free
 
and requiresfvery limitgd amount of power to dive.
 
The technology discussed in this section, 
-o a large extent, will be
 
directly applicable for an inertialess system u hen high performance beam
 
deflectors and lensith much larger flat field Lh orders of magnitude 
improvement over the present state of the art clab4lities b e co m e available.
 
nZn the following, we will discuss h en...lteueoeaalbethe geneca! consideration of an optical 
memory system, the choice of memory medium, and geometric configuration, 
CLC specifi:ation of the proposedsystem which 
icludes the desin., feature 
and required components, and someof the MnBi holographic experimentai work 
which was contributed by Dr. T. C. Lee of this faboratory. The holographic 
research is included to indicate the adantabilifY of fims for This approac. 
LVS-A. General Considerations 
A computer memory of high pac,-ing density an o.I-ion to trillion bit 
capacity hag been a challenge for many years. An ideal embtodiment. of such 
a device would consist oi no moving mechaniu=_ parts. Z y concepts of a hgh 
capacity random-access mass memory employed an electron beam and a magnetic 
thin film storage medium. Presumably the electron beam could be deflected
 
to a large number oi discrete locations with ease. Some of the moss --cent
 
work with electron beams in integrated circuit mask preparation has achieved
 
half micron resolution over a 2 x 2mm square area. 
 Ti-s is only about half-way
 
in orders of magnitude to the capacity of interest today. Furthermore, an
 
electron beam provides a rather moor mode for reading out information from a 
magnetic thin tilm]% It therefore is reasonabe to assume that the electron
 
beam or combination of electron beam and optical readout from MnBi will not be
 
practical in the foreseeable future.
 
Opticlh techniques as applied to the mass memory problem appear extremely
 
promising. Considering system possibilities using MnBi as the storage medium
 
with optical 'addressing,there are also formidable obstacles. 
The light beam
 
now must be deflected. Deflection of a light beam to a large number of address­
locations electronically, i.e. without moving mechanical parts is extremely
 
difficult. Even if the light beam could be deflectedXa large number of address 
locations, the lenses required would limit the capacity to 10 -108 bits per 
focusing lens. This is because'of a technological imit in lens lasign. As 
lenses become larger, the resolution decreases about in proportion to the 
increased field for lenses with field larger than about lcm2.
 
Another possibility of current interest: 
 the holographic storage technique
 
is popular because no lenses are required for making a hologram. The large
 
polar Kerr and Faraday effect of XnBi 
film allow a Curie point written magnetic
 
hologram to be reconscructed with a .'taa dz--........ 
 y. This
 
possibility;is also attractive as 
a means o2 c,.rouucing redundan_ uo reduce
 
Lhe effects of dust, dirt and 
 other defects in the film. "oumb-y, the 
information would be stored in pages and read out a page a: 
a tine. A page size
 
of the order of 10 -10 would be necessary to provide a page u .pacity about the
 
same as he track capacity of a rotating disc configuration: "This means o2 
course that a deflection system of 10 -10 spots is required for rea5ing. A
 
deflection system for the writing beam must carry all of the spatial frequencies
 
in the raw page in a bundle reaching the storage medium occupying an area the same
 
or greater than the minimum bit 
 size times the number of bits in the page. 
Assuming that the packing density for holographic infoi atzon bits on MnBi is 
the same as ir-dividual bits, the energy required will b 
about equal to the
 
number of bits per page times the energy required for an individual bit. In 
the case of MnBi at room temperature, about 5 nanojoules are required in a 100 
nanosecond pulse for an information bit. -
That is about 5 x 10 joules or a
 
peak power of about 5 x 103
 watts per page. 
Pulses of abour 10 nanosecond
 
duration are required to.produce holographic storage on MnBi (to be discussed
 
in a later section). 
 Allowing losses in the optical system a realistic peak 
power is in the-neighborhood of 10 5:o 10 watts. Only pulsed, Q-switched lasers 
are ca.asle of chese requirements. One of the iitaios of this type of device
 
is the flash lamp life. Anything over a million shots is good. 
- This means that when 
the memory is full, it is time to change the lamp in the main laser. 
Even a motor­
driven Q-switch will outlast the flash lamps. 
 i-es--a% 
-stome-t-no­
A more important difficulty for the holographic storage is the need for
 
a page composer in order to transfer the information to be stored into the
 
storage medium. 
The page composer is in essence an alterable mask. it must
 
have a bit capacity of a page (10 '-10 ) and must be able to 
accept and display
 
the input within an acceptable time frame 
.. o .. -c sec). Furthermore, 
it must have suitable optical properties (either very reflective or very 
pransrarent) together wiL hi>.i contrast. The development- of a suitable 
page composer requires considerable effort and time. 
 This together with
 
the requirement of a more sensitive storage medium capable of higher diffrac­
tion efficiency are the main topics of research which must be completed
 
before the advantages of holographic storage Eec-&%.. 
 can be fully realized.
 
The shortcomings of the foregoing concepts can, f( 
the most part, be
 
avoided by accepting or tolerating a moving medium as 
a Dart of the memory
 
system. To meet the objective of a 10 -10 2 bit memory sufficiently light
 
and reliable to carry aboard a spacecraft and to be constructed in the next
 
few years, we recommend a moving medium device. 
The high packing density and
 
large Kerr effect of MnBi make it basically the best storage medium available
 
today.
 
The moving medium approach allows the use of a single focusing lens and a
 
small erasure coil since the write and erase head does not have to 
cover a
 
large number of bit locations. However, the main advantages of this approach
 
is in its ability to meet the specified bit capacity requiring no breakthroughs
 
for a high performance inertialess beam deflector.
 
a?-B. 	 Choice of the Memory Medium nA emA/" 
Manganese bismuth has two crystallographic phases in the temperature 
range useful for optical memory applicatons. At the normal phase Curie
 
temperature of 3600 C, the material w argoes " ase z:wcnsrormtlon This 
second nhase can be retained by quenching the Wh _Ten it is used 
at room temperature, this quenching occurs as a result of Curie poit writing. 
The whole film can also be quenched and exhibits the same memory properties 
as the laser quenched spots. Quenched films have a lower Curie temperature 
of 180°C and therefore require less laser power for Curie point writing with. 
the film at room temperature, but the material gradually transforms back to 
The normal phase. This process is characterized by an activation energy of 
I eV and a conversion time constant of two years at room temperature. Optical 
memory. experiments have shown that the memory characteristic is affected very
 
early in the transformation process. For the time frame requirement the quenched
 
phase of MnBi films would not be suitable in its unmodified form. This indicates
 
that quenched films need further research effort to improve their usefulness,
 
but large normal phase films can be prepared and have been tested for mass
 
memory application at elevated temperature. We would recommend as a first
 
choice the normal MnBi film at elevated temperature and second the quenched 
film 1at\operati'n low temperature to extend the shelf lifetime for the optical 
memory medium. 
To -ea-r-y the moving medium approach in more detail, we consider a simple
 
rotating medium system. 
We choose this approach over the tape transport or card 
file system for the simplicity in mechanical motion and consequent reliability 
and maintenance free operation.. C.A "JeA C 
The shape of the memory medium substrate should either be a disc or 
drum. A drum configuration has the advantages that the surface is always the 
same distance from the center and the packing density can be uniform over rhe 
surface. 
A disc vrovides the advantages that it is easier to fabricate for smaller 
areas and access to tracks is easier. A disc configuration is recommended at 
this stage of development. Figure IV-1 shows the disc capacity as a function 
of mirimum bit spacing with disc diameter as a parameter. 
-or reasons of conservation of momentum, and elimination of gyroscopic forces, 
the mamory equipmenrshould have two discs rotating in opposite directionS. A
 
diagram of the components in the memory are shown in Figure PV-2. It consists 
basically of two discs, heated and insulated, and rotates on precision hydro­
static or gas bearings with an arm to swing over :he discs carrying the read­
write optics.
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A sliding prism is shown for guiding the light beam down the appropriate 
arm. This element rather than an electro-optic switch is shown because it will 
not interfere with the polarization of the read-beam. An electro-optic switch
 
contains a polarizing element, so that when the read beam returns through it
 
the signal would be analyzed before raachin- th ... rential detector.
 
C 
-=D. Memory Specifications 
1. 	Speed and Capacity
 
'Optical memory experiments on MnBi films have provided tche necessary
 
information from which many of the actual optical memory requirements can be
 
calculated. Equations for these calculations were derived in quarterly report
 
numbers 2 and 3. Results of these calculations and others are show'n in
 
Table IV-!.
 
Since the source of the figures under capacity and speed have baen dis­
cussed in earlier reports, fe will continue with the power requirements. 
The requirement for 50mw of HeNe laser power was discussed in quarterly 
report no. 2. An input power of 450 watts to the power supply is typical for
 
this size laser. Ac this rime a HeNe laser is recommended because of the
 
superior lifetime and stability of these devices. For example, a commercial
 
5uw HeNe laser has recently been space qualified.
"
-'
 
2. Power
 
An amount of power from 100 to 500 watts is estimated for a
 
moderately well-insulated enclosure around the film and substrate for main­
tainig the film at the required temperature.. This can be contrasted with the
 
input power to a larger laser necessary to Curie point write from room tempera­
ture at an attractive spded. A laser of 500 to 1000 mw output power would need
 
about 6 times to 10 .times mor mnput power than the Zaqa laser. Therefore,
 
the 	bias heater and lower power laser is an _.onozcal trade-off. 
TABLE. V-I 
CAPACITY 10 I i Bits 10 9 Bits 
Disc 2 ea. 2 ea. 
Bit and Track Spacing 2 m-iurons 2 Nfl\LtA 
Disc Diameter 50 inches 6 inches 
Bits Per Track 5.6 :: 105 1.3x 105 
Tracks Per Disc .94 x 105 2 x 104 
Operating Temperature 3000C 3000C 
SPEED 2MBits/sec ZiBits/sec 
Rotation Rate 4RPS 20RPS 
Access Time 125ms 25ms 
Max. Lin. Vel. lO./psec 10p/sec 
Modulator Pulse Duration 40ns 40ns 
Detection Bandwidth 10 MHz 10>3z 
Servo 1kzFz 1Hz 
POWER 
Laser Output 50-n 50my 
Laser Input 450 watts 450watrs 
v Film Bias Heater 500 watts l00watts 
Modulator Driver 300 watts 300watts 
Drive Motor 50 watts 50watts 
Bearing Air Pressure 30-60 lbs 50 w0atts 5watts 
Total System Power i.5 :7 I KW 
OPTICAL SYSTEM F:4 
Focusing Lens 16mnfl 
Pivot Lens On~fl lOOmmfl 
Deflector Gaivz-nometer 
Si _nin diode Si pin diodeDeectors-differential 

MECHANICAL S'STEM 
Lir Bearing +10 in Radial Axial 
Vibration <2cps 
rMotor Hp
 
Translation Stage +Opin. Vert. Horiz.
 
A substantial amount of power is required for the modujsror as a result
 
of the high bandwidth of most high speed elcotro-optic modulators. For example,
 
a 150 pf modulator with 200 volt half-wave retardation voltage at a bandwidth
 
of 10 MHz would require a load resis.ance of about 500 2. That is about 80
 
watts in the load resistor loza.
/ 
The drive motor and beartng hydrostatic supply should have an.'oner limit
 
power requirement of 100 watts for both components. It may be economical in
 
a final design to drive the discs hydrostatically also.
 
The 	total Dower requirement for a 101 bit system should be around 1.5 Kwatt.
 
3. 	"Optical System
 
The lenses, detectors and deflectors in a rotating disc system would
 
follow about the same general design as that used in the memory exerciser as
 
was described in the previous quarterly report.
 
An additional design consideration for a rotating disc configuration is
 
the depth of field associated with a particular focusing lens. A graph of the
 
resolution and depth of field as a function of numerical aperture is shown in 
Figure IV-3. Our table shows an-F:4, which is not quite as good as an F:2 from
 
the trade-off of depth of field and resolution. The reason for choosing an F:4
 
is mainly to provide the working distance needed for a magnetic field coil.
 
4. 	Mechanical System
 
Mechanical considerations were discussed briefly in the section on
 
geometrical considerations. Yo further discussion will be made here othar than
 
to call attention to the bearing specification in Table IV-l in the light of the
 
F:4 	focusing optics.
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5. Electronics
 
The electronics needed can be divided into the following 5
 
categories:
 
1. Readout amplifiers
 
2. odula-or 
3. Field Coil
 
4. Deflector Servo Control and Arm Motion Control
 
5. Timing and function control
 
Readout or sense amplifier requirdments have been discussed in quarte;ly
 
3ort 3 with regard to the signal-to-noise ratio analysis. These amplifiers
 
are in use with our present memory exerciser and thie output is compatible 
with T2L logic elements. The modulator drive power requirement was discussed 
earlier so we will proceed with the field coil.
 
6. Field Coil
 
From measurements of the erase field required for MnBi films as 
reported in the first quarterly report, we know that about 600 Oe is required. 
We apply geometrical considerations to the coil so as to keep the field 
uniform over the flat field of the focusing lens. The normal component of 
the field from a circular coil of radius a and Cartesi a coordinates with x 
perpendicular to the plane of the coil is 
2 2 2 21 2 
I N a 2  
3 po _ 3(y+z2)(a2-4x) 
x 7 I a2 2 3/2 2 2)7/2 
(ax Xx) r 
where a is the coil radius, which lies in the y-z plane. I is the current in 
amperes and N the number of turns. In this expression p. = 4fr x 10-7 newtons 
amp 
Therefore, if we multiply B 
by 104 the result is in Gauss with spatial .dimensions
 
in meters. The corresponding field Hx in oerstads is equal to Bx
 
Figure IV-4ab shows HXs a function of fractional units of a for distance 
away from the coil at the center and for distance away from the center at X = .3a. 
These calculations show thcu for small d :anc.s away from the plane of the coil 
dB/dx is small and beyond .3a it is near-ly linear. Figure IV-4b shows-,that a 
reasonably flat area of about 
.3a exists along the radial direction. The coil
 
radius to choose is 
one about 3 times the radius of the flat field of tha focusinz 
lens. 
We can further analyze the field coi with regarU to the pow-Ter efficincy 
to see what the optimum number of turns is. First, the field and power for'a 
multiple turn coil is 
Bi - If.(xia) P = R 
for the ith turn. Then,
 
f(xia)
I f(x.,a)
B 
NRI NRI-
Now, for a single turn having he'same dimensions as the sum of the turns 
in the multiple turn coil, we have 
Bi = if(x,a) P 1'2R.
 
for the ih parallel segment of a single turn coil, where (xi,a) is the 
field spatial distribution and R is the resistance of the 3 .h turn. The field
 
to powier ratio for a single turn of N parallel segments is then, 
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The ratio of the multinlgturn case to the single turn case fz theS 
same current ±3 then
 
B 
-- MP 1 
2 ' 
where N is the number of series or parallel turns. This shows that increasing 
the current through a few turns is the most economical trade-off in power.
 
This is also significant for reducing heat damage to the field coil.
 
-For a single turn coil of Imm iadius, the maximum fiald is about 2i,
 
implying a pulse current requiremenL of about 100 
amns pak value for erasure. 
7.- Deflector'Servo Control 
A servo amplifier is used in the proposed model. This is shown in
 
Figure 1V-5 with inputs from the detector amplifier and control elect--onics
 
through a.servo logic block. 
The storage procedure is assumed to be one n hich
 
a clock bit is periodic:1ly stored on each track. 
This clock bit or pattern
 
would be used for both track positioning and timing. A gate would be opened
 
between the amplifier and the servo amplifier to apply the raw signal for
 
feedback control to a phase sensitive amplifier.
 
A block is also shown labeled step. It refers to a mechanism for 
positioning the focusing lens and field coil over the approprlc ..- bUnd of 
tracks. Positioning of this kind could be aLcfaved with an ac..... of 
300-500 microinches. The analog servo def...ctor 
. i be requirz_ no do te 
final positioning.
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-:Is-s asysten;-s zlma e-off that can s a ma C. 
We have begun experimental wor:, p-c recording magnetic holograms on MnBi. 
ci4)
The setup was described in Fig. IV-2, p. 29, in a pr vious report to NASA,
 
quarterly technical report no. 2. We shall first br efly describe the quality
 
of the ruby laser used for write-in, then some ;liminary results on coated 
MnBi films.
 
Experiment Conditions
 
The ruby laser cavity has a near-concentric configuration; an intracavity
 
cell filled with Vanadium Phthalocyonine in nitrobenzene serveslthe passive 
Q-switch. We have used cryptocyanine in alcohol which gives basically the
 
same result. The output pulse duration can be varied from 25ns to 50ns and
 
it contains about 7 millijoules. We can control the alignment to obtain a TEM
 
00 
transverse mode, which is quite reproducible from shot to shot. The divergent 
beam is made parallel to a diameter of about 1mm by a lens of 20cm local length. 
The output from the laser was attenuated by CuSO solution o: by micc- ­
scope glass slides. In forming simple grating holograms, we have used an£lcs 
-btwdath to eas f 0 10 an 0 Tee

-betwdn the two beams of 20 ° , 10 and 50. The energy in the two beams have a ratio 
of about 1:1, which gives a modulation index of 100 percent, but cher-alization 
decreases the modulation index considerably at zhe end of the laser pulse. We
 
have not accurately determined the dependence of thermalization on grating
 
angle pulse length and medium coating as yet.
 
2,Results on Coated Film
 
The protective coating on the glass-backed MnBi is a thin layer of SiO.
 
The coating thickness is controlled to minimize reflection loss at 6943R.
 
The grating hologram work reported i Dw uas dcne at 50 between the two
 
teams and ith a pulse duration"o .6c e the-__aizat 'c of the
. ..­
grating. Dapending on the beam power level zt 
 the HnBi ftlm welcan obtain
 
a four-zone hologram or 
a two-zone hologram or a good hologram. By good holo­
gram we mean the whole hologram consists of magnetically written grating lines. 
A good hologram is shown in Fig. Y&&me picture was taken by means of a 
polarizing, transmission microscope, with X750 magnification. Reconstruction
 
by Ne-He laser always gives only the 0th and the +1 order, suggesting a grating
 
with gray scale instead of a two level grating. As expected, the polarization
 
of the +1 orders are perpendicular to that of the 0th order. 
Diffraction
 
efficiency measurements will be carried out shortly.
 
in a two-zone hologram, the periphery of the hologram is bounded by
 
magnetically written grating lines Ahile the center portion is totally
 
switched jshown in Fig.'IA 0 To avoid the formation of the totally switched
 
zone, it is imperative to carefully control the laser power incident on the
 
film. Assuming that the spatial profile of the ruby beam in the TMM 
 mode
 
00
 
is Gaussian, it 
can be easily shown that the bias temperature produced by the d.c.
 
term of the two-beam interference is also Gaussian. 
Where the 'ias temperature
 
exceeds the Curie point, total flux reversal will occur although the modulation
 
envelope may extend below the Curie temperature. The reasoning is as follows. 
The time constant of thermalization for the grating is, according to Mezrich
 
= d /4 2K 
where d is grating spacing an-i K ei tLhr-_oconductivity. Wile rho
 
grating is thermalizing, che whole hologram is also 
decreasing in tempera­
ture but 'at a much lower rare. Based on (1) one expects that the thermal 
'decay time constant for the ovetaLZ ologram as comrazrc to that' of the 
grating is on the order of D/d, who-re D is hologr : ---. Thlrefo;!,
 
if the bias temperature 
 is above the Curie point, the thermal giatihg di­
appears long before 
 the bias temperacure drops below the Curie point, rcsLting 
in total-flux reversal.
 
We have also made holograms with four distinct .)nes. 
 The outermost region
 
consists of magnetically written grating lines, the next region totally switched,
 
the third region has burnt-in grating lines and the fourth region totally burnt.
 
Burnt-in occurs when the local temperature reaches beyond the dissociation
 
temperature, 440°C of MnBi. 
A hologram containing significant portions of
 
burnt-in grating lines will produce higher orders than +1 orders and the '
 
diffraction efficiency is also much higher as h 
 b discussed in the
 
previous quarterly report.
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V. conclusion 
A critipal evaluation of the feasibility of using MnBi thin films for
a spaceborne optical memory medium with capacity in the 1010-1012 bit
region has been performed during :his one-year zes2 :-cb 
effort.
identified Pe have
 many important 
proper._
 
5 of c-ZL 
=00,a as it applies to such
memory. a
From this study we can conclude Lhat this medium is suitable for the
intended applications. 
 From the materials study effect we have measured
and obtained all of the needed Physical properties 
c 
the medium relevantto- the intended application. The process of the tra sformation from thequenched high temperature phase to low temperature phase was identified andmethods for stabilizing the quenched phase deduced and experimentally 

evaluated.
 
Although positive results have been achieved, further research effort is
needed in order to fully realize the advantage of MnBi in this quaa-had 2hasc
On the other hand, MnBi in its low temperature phase was found to be stable
even under adverse environmental conditions, 
 This is the material re considered
in the systems study. 
From the optical memory experimental study we have
obtained and evaluated the optical memory characteristics 

of TBi using a
specially constructed optical memory exerciser. 
The writing, reading and
erasing boundary conditions 
were obtained and optimized through close coordina­tion with the materials preparation effort. 
 Emphasis was placed on the MnBi
stability and aging characteristics. 
 We have performed 
a repeated cycling
experiment of write-read-erase-read 

for over one miiijon cycles and found no
chan 
 in the material memory Properties. 
Further research effort co therezltnl understanding of the physics of the Curie point writing sh:cOK be
undercaken to yield a nathematicai 
model of the writing and erasing proces:.
This will be an indiapesible tool for the system trade-offs study.
 
The results of the materials and optical memory study were fully applied
 
to the systems study. We have identified that, for -e near future, MnBi
 
prepared in the normal phase, operating at a tempera ire above 1800C is most
 
suited for the intended application. For a completely inertialess system
 
the addressing systalw requires T
 eam defhLctows and lanses unav&4tIb!e at 
present. We therefore suggest a rotating disc on'roach which usz.s minimum 
amount of mechanical motion.. Such a syster. wit L A 9 -1010 biz >.2 acity 
has been defined in derail and performance specification obtained. Based on
 
this study, we are confident that an optical memory as defined above using
 
MnBi films can be constructed and will satisfy the requirement for a spaceborne
 
application.
 
APPENDLiX A PUBLICATIONS 
During this one-year period of contract, three papers were presented 
at scientific meetings and one paper published on work related to this 
investigation. These are listed zi the following. 
1. 	 V. Chen, R. l.iagard and T. S. Liu, "Magneto-optic Prc'-rties 
of Quenched T-hin rilms of MnBi and Optical Memory ExperLmenus"; 
paper presented at the Fifteenth Annual Conference on Magnetism
 
and Magnetic Materials, Philadelphia, Nov. 18-21, 1969.
 
2. 	R. L. Aagard and F. M. Schmit, "Datection of Magneto-Optic
 
Signals from Curie-Point Written Manganese Bismuth Films",
 
paper presented at the Spring Meeting of Optical Society of
 
_:erica, April 1970.
 
3. 	E. Bernal G., R. L. Aagard and D. Chen, "The Effec of che
 
Demagnetizing Field on Curie-Point Writing in Magneto-Ornic 
Thin Films of M-nBi", paper presented at the Intermagnetic 
Conference, April 21-24, 1970.
 
4. 	D. Chen and R. L. Aagard and T. S. Liu, "MaE eto-Optic Properties 
of Quenched Thin Films of MnBi and Optical N mory Experiments", 
J. 	Appl. Phys. 41 1395 (i970).
 
APPENDIX B. NEW TECHNOLOGY
 
There are two new technologies developed during this research work.
 
1. The use of demagnetized MnBi Film for optical memory.
 
In the past, MnBi films were always prepared with their magnetization saturated. 
A laser written "l" bit and erased ' S bm" hao - is-:gnetization opposite to 
each other, form the basis of binary Snfor... U conteni. Wh1en La film is 
prepared in the demagnetized state, laser writing with s. aplizad fic_ 
of positive and negative orientation results in "+1" and "-1" bits, whereas 
laser heat writing without a field erases a bit back to '" or the demagnecized 
state. This three-level writing technique increases the content from bir _y 
to trinary. This scheme is possible only when the bit dimension is much 
larger than the minimum domain size. In MnBi film with micron itsize 
dimension, this condition is satisfied, because the mini7uu 
omain size is 
estimated to be less than 0.3 pm;.
 
1 2. Partially damaged magnetic hologram
 
We have, in collaboration with Radiation Incorporated and the University of
 
Michigan, performed a magnetic hologram experiment by two beam interference 
using a MnBi film. The Curie-noint written grating consists of alternated 
non-magnetic (damaged)-and magnetic (ZiBi) stripes. This type of grating 
can enhance the Kerr or Faraday rotation as observed at the first order
 
diffracted snot. 
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